Previous studies have reported that human vascular endothelial cells lack the membrane-bound lipopolysaccharide (LPS) receptor, CD14 (mCD14). By optimizing assay conditions, including the selection of anti-CD14 monoclonal antibody, we now demonstrate that human umbilical vein endothelial cells (HUVEC) express CD14 on the cell surface. Single-passage HUVEC showed approximately 20 times less expression of CD14 than monocytes. Interestingly, there was significant loss of surface CD14 expression with increasing numbers of culture passages. Evidence for synthesis of CD14 by HUVEC was provided by the finding that L-[
CD14 was first described as a myeloid differentiation antigen in 1981 (8) . It is a 55-kDa glycoprotein with multiple leucinerich repeats and is encoded on chromosome 5 (5q) together with growth factors, such as granulocyte macrophage colony stimulating factor, and growth factor receptors, such as endothelial growth factor receptor and platelet-derived growth factor receptor (2, 3) . CD14 has been identified as a receptor for complexes of lipopolysaccharide (LPS) and LPS-binding protein but it also binds to other bacterial products (8, 14) . The LPS-binding region within the CD14 molecule is remarkably conserved across species with a high degree of gene sequence homology, and it has therefore been suggested that CD14 is a pattern recognition receptor (9) . CD14 is linked to the cell membrane by a glycosylphosphatidylinositol anchor and possesses no transmembrane domain (25) . It is thought to act as a lipid transfer protein, passing LPS on to a putative transmembrane signaling receptor (29) . Recently two likely candidates for this receptor, human TOLL-like receptor 2 and moesin, have been described (20, 28) . However, blockade of CD14 inhibits LPS-mediated effects almost completely, suggesting that CD14 is required for signaling by the transmembrane receptor.
Interestingly, while endothelial cells are sensitive to low concentrations of LPS, no evidence has been presented to suggest that CD14 is expressed by these cells and indeed it has been generally accepted that endothelial cells do not express CD14 (1) . Soluble CD14 (sCD14), present in normal serum at 2 to 6 g/ml, is thought to facilitate LPS-induced activation of endothelial cells (4) . However, CD14-negative cells like Chinese hamster ovary fibroblasts (CHO) are unresponsive to LPS even in the presence of serum, and only when transfected with CD14 do these cells become responsive to LPS (5) . Also, CD14-negative murine pre-B cells (70Z/3), which are unresponsive to low concentrations of LPS (0.1 ng/ml) even in the presence of serum, when transfected with CD14 show responses to LPS (15) . Surprisingly, anti-CD14 antibodies block endothelial cell activation by LPS even in the absence of serum (24) , an observation inconsistent with the concept that endothelial cells do not express CD14.
We now demonstrate that vascular endothelial cells synthesize and express CD14 on the cell surface and present evidence that the endothelial membrane-bound CD14 (mCD14) is functional in LPS-mediated cell activation.
MATERIALS AND METHODS
Anti-CD14 antibodies. All anti-CD14 antibodies were monoclonal murine anti-human antibodies. MY4 was purchased from Coulter Corporation (Miami, Fla.), TÜ K4 was from DAKO (Glostrup, Denmark), 2D-15C was from Silenus-AMRAD Biotech (Melbourne, Australia), Leu-M3 was from Becton Dickinson (San Jose, Calif.), and RMo52 was from Immunotech (Marseille, France). All antibodies achieved their optimal staining at a dilution of 1:100 and were used at a dilution of 1:50. Isotype-matched control antibodies were obtained from Becton Dickinson and DAKO, and all were used at a dilution of 1:50.
HUVEC. Human umbilical vein endothelial cells (HUVEC) were prepared essentially as described previously (11) . Human umbilical cords were collected immediately after delivery and were stored in sterile containers at 4°C. The veins were cannulated, washed with Hanks balanced salt solution (HBSS; Cell Image, Adelaide, Australia), and filled with collagenase (37°C; type II; 0.4 mg/ml; activity, 219 U/mg; Worthington, Freehold, N.J.). After incubation in a water bath (37°C, 2 min), the contents of each vein were collected, followed by one additional wash with HBSS to remove remaining cells. Cells were centrifuged (400 ϫ g, 5 min), the supernatant was discarded, and the pellet was resuspended in RPMI 1640 culture medium (Cell Image) containing 20% pooled, heat-inactivated human group AB serum supplemented with penicillin (80 U/ml), streptomycin (80 g/ml) and L-glutamine (3.2 mmol/liter) (all from ICN Pharmaceuti-cals, Costa Mesa, Calif.). Cells were grown to confluence in 75-cm 2 culture flasks (Corning, Cambridge, Mass.) which were precoated with 0.2% gelatin (TRACE, Biosciences, Melbourne, Australia). Endothelial cells were identified by their characteristic monolayer cobblestone appearance and positive staining for factor VIII-related antigen using peroxidase-conjugated rabbit immunoglobulin G (IgG) antibody to human von Willebrand factor (DAKO, Carpinteria, Calif.) and 3,3Ј-diaminobenzidine. Prior to experiments, cells were harvested from culture flasks with trypsin (0.05 mg/ml; ICN)-EDTA (0.02 mg/ml; Sigma, St. Louis, Mo.).
Mononuclear leukocytes. Mononuclear cells were isolated from the blood of healthy volunteers by centrifugation of blood on Hypaque-Ficoll medium of a density of 1.114 as described previously (11) . The cells were Ͼ96% pure and Ͼ99% viable by trypan blue exclusion test. Cells were resuspended in RPMI 1640 and processed within 1 h of preparation.
Flow cytometric analysis. Endothelial cells were plated at 4 ϫ 10 5 cells per well in six-well plates (9.62 cm 2 ; Linbro, ICN Biochemicals, Aurora, Ohio) or 2.5 ϫ ; 0.2%), and 10,000 events from within the viable, 7-AAD-unstained cell population per sample were counted. The data were processed using Lysis II software (Becton Dickinson), and the median fluorescence intensity (MFI) of isotype-matched negative controls was subtracted from the MFI of samples with anti-CD14.
In the case of assessing expression of CD14 on monocytes, the mononuclear cell fraction was subjected to flow cytometric analysis after treatment with anti-CD14 antibodies. Both lymphocytes and monocytes were identified on forward and side scatter. The lymphocyte population was negative for CD14 as expected, and the intensity of fluorescence of the brightly positive monocytes was used for comparison with HUVEC.
Immunofluorescence microscopy. (i) For cells in culture, HUVEC were grown on chamber slides (Lab-Tek; Nunc, Naperville, Ill.), washed with phosphatebuffered saline (Cell Image), and fixed (37% formaldehyde in phosphate-buffered saline and 2% Triton X-100 from Ajax Chemicals, Auburn, NSW, Australia). After blocking (human IgG, 20 min), two-step staining was performed with MY4 (1:50) primary antibody and fluorescein isothiocyanate (FITC)-conjugated rabbit anti-mouse polyclonal secondary antibody (1:100; Silenus, Melbourne, Australia). (ii) For cord tissue, a section of cord was snap-frozen in 20% ethanol (Ϫ170°C), cut into 10-m-thick sections using a cryomicrotome, and transferred onto slides. After air drying, tissue samples were stained as described above. Samples were photographed with a UV fluorescence microscope (Leitz, Wetzlar, Germany) using Kodak 100 ASA slide film.
L-[
35 S]methionine incorporation studies. HUVEC were grown to confluence in 10-cm tissue culture dishes. Cells were either maintained in normal culture medium (unstimulated) or in medium containing 40% FCS (stimulated).
35 S]methionine (25 Ci) was added to each dish into a final volume of 10 ml (2.5 ϫ 10 6 cells). After 24 h the cells were washed once on ice, mechanically removed from the dishes, and lysed in constant motion at 4°C for 4 h with 250 l of lysis buffer (20 mM HEPES [pH 7.4], 0.5% [vol/vol] Nonidet P-40, 100 mM NaCl, 1 mM EDTA, 2 mM Na 3 VO 4 , 2 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 10 g each [per ml] of leupeptin, aprotinin, pepstatin A, and benzamidine). Triton X-100 at a concentration of 0.5 mg per mg of sample protein was added, and membranes were disrupted by sonication. The samples were centrifuged at 100,000 ϫ g (4°C, 1 h) and then transferred onto 15 l of protein A Sepharose beads (Sigma) for preclearance at constant motion (4°C, 45 min). Samples were centrifuged (30 s, 4°C, 10,000 ϫ g), and the supernatants were transferred into two new tubes per sample. Either anti-IgG2b or anti-CD14 antibody (MY4) was added at 12 l per tube. The samples were kept at gentle agitation (4°C, 2 h) and were subsequently transferred onto 12 l of protein A Sepharose beads. Again, samples were incubated with gentle agitation (4°C, 1 h) and then centrifuged (4°C, 10,000 ϫ g). For determination of the amount of radioactivity, the supernatant was discarded and the beads were resuspended in scintillation fluid (6 ml; Fisher Chemicals, Loughborough, England) and placed into scintillation vials. Radiation as counts per minute was recorded in a ␤-counter (LKB Wallac 1409-411 liquid scintillation counter; Turku, Finland) over a period of 10 min per sample, and the results of the IgG2b control precipitations were subtracted from the results obtained with MY4.
For identification of synthesized CD14, the molecular weight of the radiolabeled and immunoprecipitated protein was determined. The beads were resuspended in 40 l of Laemmli buffer and boiled (100°C, 10 min). The samples were centrifuged (10,000 ϫ g, 1 min), the supernatants were resolved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis (SDS-10% PAGE), and the protein was transferred to nitrocellulose (Schleicher & Schuell, Dassel, Germany).
Bands were visualized by treatment with an autoradiography enhancer (NEN Research Products, Boston, Mass.) and incubation with X-ray film (Kodak, Melbourne, Australia) for 24 h at Ϫ70°C. The molecular weight was determined by comparison with the position of unlabeled markers. The films were scanned using an ImageQuant scanner and ImageQuant software (version 3.3; Molecular Dynamics, Sunnyvale, Calif.).
Measurement of E-selectin. HUVEC were plated into 96-well plates (gelatin precoated; 0.38 cm 2 ; Linbro) at 5 ϫ 10 4 cells per well. Human recombinant tumor necrosis factor alpha (TNF-␣) was a gift from G. R. Adolf, Ernst Boehringer Institute, Vienna, Austria. The activity was 6 ϫ 10 7 U/mg, and the preparation was Ͼ99% pure. The endotoxin contamination was less than 0.125 endotoxin U/ml as assessed by the Limulus lysate assay. After treatments, the wells were washed twice with 0.2 ml of 0.1% bovine serum albumin (BSA [CSL]) per well and were fixed overnight with 0.025% glutaraldehyde (0.2 ml/well; Probing and Structure, Queensland, Australia). The monolayers were washed twice with BSA and incubated with blocking buffer (0.1% BSA and 100 mM glycine) at 20°C for 2 h. The enzyme-linked immunosorbent assay (ELISA) was performed with three washes with 0.2 ml of 0.1% BSA per well between each step. HUVEC were incubated with 50 l of primary monoclonal antibody (anti-CD62E MAb, 1:1,000 [Pharmingen] or IgG1 control MAb [DAKO]) per well and 70 l of secondary horseradish peroxidase-conjugated antibody (rabbit anti-mouse polyclonal antibody, horseradish peroxidase-conjugated, 1:1,000 [DAKO]) per well 1 h each at 37°C. Finally, 100 l per well of enzyme substrate (0.55 mg of 2,2Ј-azino-bis[3-ethylbenzthiazoline sulfonate]/ml and 0.012% hydrogen peroxide in citrate-phosphate buffer, pH 4.2) were added. Color was developed until cell-alone wells gave a standardized absorbance reading at 410 nm using an ELISA plate reader (Dynatech MR 7000).
Statistical analysis. Data are presented as means Ϯ standard errors of the means (SEM). Statistical significance was assessed either by the Student t test or analysis of variance for multiple comparisons or by the nonparametric KruskalWallis test with Dunne's posttest if the data were not normally distributed. P values of less than 0.05 were regarded as statistically significant.
RESULTS
Expression of CD14 on HUVEC. Assay conditions for detecting CD14 expression were examined using monocytes, since high expression of CD14 on these cells has been well established. To standardize the assay, five different anti-CD14 MAb were tested for their degree of staining of monocytes using PE-conjugated secondary antibody (Fig. 1) . With optimal concentrations of these antibodies it was evident that MY4 was the most effective MAb for detection of CD14 expression, and it was used in all subsequent experiments unless stated otherwise. Endothelial cells treated with MY4 displayed a median fluorescence intensity (MFI) distinct from that of cells treated with the isotype-matched control antibody (Fig. 2) . HUVEC grown to confluence on slides stained positive by indirect immunofluorescence microscopy using MY4 (Fig. 3) , compared to isotype-matched controls, as did the endothelial layer of umbilical veins in situ (Fig. 3) .
Loss of cell surface expression of CD14 during subculturing. Further studies demonstrated that the ability of HUVEC to express CD14 on the surface was dependent on the number of passages the endothelial cells had been subjected to. When HUVEC were grown in culture medium containing FCS (10%), heparin (2.5%), and ECGS (150 g/ml) and were passaged every 3 days, the cells rapidly lost CD14 with subculturing. By passage 3, CD14 expression was less than 14% of the expression of passage 1 cells. By passage 7, less than 7% was observed (Fig. 4) . Thus, in subsequent experiments passage 1 cells were used unless otherwise stated.
Comparison of the expression of CD14 on HUVEC and monocytes. Peripheral blood monocytes from 12 healthy donors were examined under the same conditions as those for endothelial cells obtained from 12 different umbilical cords. These cells were then analyzed using identical flow cytometry settings. The mean difference (Ϯ the SEM) in MFI between the cells treated with anti-CD14 MAb and those treated with isotype-matched control antibody was 333 Ϯ 28 for endothelial cells and 4,568 Ϯ 121 for monocytes (Fig. 5) .
Modulation of CD14 expression on HUVEC.
In further studies we examined whether CD14 expression on endothelial cells was amenable to alteration by cell agonists and tissue culture media supplements. The expression of CD14 was increased by LPS (1 ng/ml), LPA (2.5 M), ECGS (150 g/ml), and FCS (40%), whereas PMA (10 nM) reduced the expression (Fig. 6) . When human AB-group serum at concentrations from 10 to 60% was used instead of FCS, there was no change in CD14 FIG. 3 . MY4 stains HUVEC in culture and in situ. HUVEC were grown on slides and then fixed. Staining was performed with MY4 primary antibody (A) or the isotype-matched control (B) and FITCconjugated rabbit anti-mouse polyclonal secondary antibody (magnification, ϫ100). (C) Cords were snap-frozen, cut, transferred onto slides, and stained as described above. The endothelial layer of the partially collapsed umbilical vein displayed bright fluorescence (magnification, ϫ10). Similarly, the negative control antibody for cord sections showed no staining of blood vessel lining, and no cell outline was visible under UV.
VOL. 69, 2001 EXPRESSION OF CD14 BY ENDOTHELIAL CELLS 481 expression (data not shown). TNF-␣ and gamma interferon, which increase CD14 expression in neutrophils (19), had no effect on the expression of this molecule in endothelial cells (data not shown).
Effects of protein synthesis inhibition on CD14 expression. To exclude the possibility that CD14 expressed on endothelial cells originated from an exogenous source, HUVEC were incubated with various mediators in the presence or absence of the protein synthesis inhibitor cycloheximide (CHX). When cells were analyzed after 24 h, CHX (5 g/ml) had caused a reduction in the expression of CD14 in unstimulated cells and in LPS-, ECGS-, and FCS-treated HUVEC (Fig. 7) . After the cells were washed and maintained for a further 72 h in CHXfree culture medium, these effects were reversed with the exception of cells treated with LPS and CHX (Fig. 7) . Control cells and LPS-or FCS-treated cells were Ͼ85% viable at the time of fluorescence-activated cell sorter analysis, and ECGStreated cells were Ͼ95% viable as assessed by 7-AAD staining. 
CD14 is synthesized by endothelial cells.
Evidence that HUVEC synthesize CD14 was derived from radiolabeling studies. Human CD14 consists of 356 amino acids, 6 of which are methionine (3). After incubation with L-[
35 S]methionine for 24 h, there was incorporation of label into CD14 in unstimulated HUVEC. Cells grown in FCS incorporated 2.3-fold more label (Fig. 8A) , which corresponded to the 2.3-fold increase seen in upregulation of CD14 surface expression by FCS (Fig. 6 and 7 ). Immunoprecipitates were also subjected to SDS-PAGE, and radioactive bands of a molecular mass of 55 kDa were observed. The density of the bands was increased in cells stimulated with FCS (Fig. 8B) .
Endothelial cell-associated CD14 has a functional role. To examine the functional relevance of CD14 expressed by HUVEC in terms of cell activation, cultures were passaged for a total of seven times. When the MFI for CD14 had dropped to undetectable levels, these cells were grown to confluence in 96-well plates. After washing the plates three times, one half of the cells were kept in culture medium containing 10% serum, whereas the other half was kept in serum-free RPMI 1640 media. HUVEC were stimulated with either TNF (5 U/well) or LPS (0.1 to 10 ng/ml) for 6 h, and E-selectin expression was assessed by ELISA. Only the cells kept in 10% serum responded to LPS, which could be abrogated by pretreatment with MY4 (data not shown). In contrast, TNF-␣ caused a similar upregulation of E-selectin in these cells with and without serum present (Fig. 9A and B) . In comparison, passage 1 HUVEC (with normal expression of CD14) showed upregulation of E-selectin in response to LPS in the absence of serum (Fig. 9C) . This response was enhanced by the addition of serum (data not shown) and could be inhibited by the prior addition of MY4 (1:25) (Fig. 9C) .
DISCUSSION
Contrary to the generally held view that endothelial cells are CD14 negative, our data show that human endothelial cells express this molecule on their surface, both in vitro and in vivo. However, compared to monocytes, the number of molecules expressed on HUVEC was small. Assuming that each monocyte expresses between 29,000 and 42,000 CD14 molecules (22, 23) , then the calculated number of CD14 per HUVEC (mean Ϯ SEM) ranged from 2,114 Ϯ 400 to 3,061 Ϯ 400. Secondly, duplicates of the monocytes and HUVEC described above were stained with FITC-conjugated secondary antibody to enable their MFI to be compared to a normogram generated by analyzing FITC Quantum 26 beads (Flow Cytometry Standards Corp., San Juan, P.R.). These consist of five populations of beads of identical size, each of which is coated with different, defined numbers of fluorochromes. The estimates for the number of fluorochromes per cell for endothelial cells ranged from 2,000 to 3,000 (data not shown).
The CD14 molecules were of endothelial cell origin and were not passively acquired from serum. Firstly, their surface expression was up-and downregulated by various cell agonists. Interestingly, while there was a significant upregulation of cell surface CD14 by FCS, human serum had no effect on the expression of the molecule. ECGS, a bovine pituitary extract, was also capable of upregulating CD14 expression. Both FCS and ECGS were LPS-free and did not stimulate E-selectin expression in HUVEC. This suggests that FCS and ECGS may contain a bovine growth factor(s) that stimulates the synthesis of CD14 and is absent from human serum. Secondly, the expression of CD14 molecules was inhibited by CHX, the protein synthesis inhibitor. This inhibition was reversible under all conditions examined except when cells were treated with LPS and CHX. LPS-and CHX-treated cells displayed the same viability as control cells and grew in culture for an additional 72 h without detachment from the culture dish or from each other, and the reason for the inability of these cells to reexpress CD14 is currently not clear but is obviously of major interest. The fact that the cells do not recover even to basal expression suggests that exposure to LPS in the presence of protein synthesis inhibition leads to a long-term inhibition of expression of CD14. Whether this is at the level of transcription, mRNA stability, translation, or posttranslation events is at present being investigated. Thirdly, endothelial cells synthesized CD14, as shown by the incorporation of radiolabeled amino acid into the protein.
To address the discrepancy between our findings and previously published data, we examined the influence of culture conditions on the expression of CD14. Routine passaging of primary cultures of HUVEC or purchasing HUVEC from tissue culture laboratories at passages 3 to 5 is widely practiced. When we subjected cells to multiple passaging, these cells were indistinguishable from passage 1 HUVEC in a number of properties. The passaged cells displayed normal morphology and viability and responded to TNF to the same extent as passage 1 cells. However, unlike passage 1 cells, HUVEC that had undergone multiple passaging expressed extremely low amounts of CD14. While the reason for this reduction in CD14 is not clear, it is likely that this reduction constitutes the main explanation for the previously reported lack of CD14 on the endothelial cell surface. The choice of MAb against CD14 for the flow cytometric analysis may have been an additional limitation to the detection of CD14. Although we did not conduct comparisons between all available anti-CD14 antibodies, it is surprising how differently the five antibodies tested performed; only MY4 and TÜ K4 produced a positive stain in passage 1 HUVEC.
Another distinction between passage 1 cells and cells that had undergone multiple passaging was the responsiveness to LPS under serum-free conditions. Cells subjected to several passages, which expressed very low amounts of CD14, failed to respond to LPS but their responsiveness could be restored by the addition of serum. Passage 1 cells responded to LPS in the absence of serum in a CD14-dependent manner, and this response could be augmented by serum. These data demonstrate that, despite the low numbers of CD14 on HUVEC compared to monocytes, mCD14 on HUVEC is functional. Furthermore, mCD14 is required for the response of HUVEC to LPS in the absence of serum and acts in concert with serum factors in the presence of serum. Previous studies in macrophages and neutrophils showed that sCD14 facilitates the rapid transfer and efficient presentation of LPS to mCD14 (9) . This is likely to account for the augmentation of the LPS response in passage 1 mCD14-bearing endothelial cells. Taken together our data suggest that in LPS-induced activation of cells in vivo, mCD14 is essential and sCD14 promotes the response by presenting LPS to mCD14. This concept is further supported by results from transfection studies in which CD14-deficient cells, which were LPS unresponsive (to low and high LPS concentrations for CHO cells and to low concentrations for 70Z/3 cells) in the presence of serum factors, became highly sensitive to LPS when these cells were transfected with CD14 (5, 15).
As a pattern recognition receptor for bacterial products, CD14 plays an important part in innate immunity to bacteria (10, 17, 26) . There is evidence that CD14 not only binds to LPS molecules but also to bacterial cell wall fragments and to whole bacteria (12, 13, 16) . The recent report that CD14-deficient mice infected with gram-negative bacteria had a reduced dissemination of bacteria compared to normal mice is consistent with CD14 having a major role in the invasion of endothelial cells by bacteria (10) . In the setting of sepsis with bacteremia there are direct contacts between bacteria and endothelial cells, and the presence of mCD14 on endothelial cells is likely to greatly enhance the activation of this tissue. Activated endothelial cells upregulate adhesion molecules, secrete proinflammatory, procoagulatory mediators and vasoactive substances, such as eicosanoids, nitric oxide, and endothelin (21) . Bacterial infections caused by gram-negative organisms often result in sepsis, multiple organ failure, and death and remain an important clinical problem. In the face of emerging antibiotic resistance, advancing the understanding of the interaction of host cells with bacteria is pivotal for identifying new therapeutic strategies (18) .
